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Abstract 
The observation of chromosomes has been crucial for our understanding of their 
structure, function, organization, and evolution of genes and genomes [1] as well as 
morphological changes during mitotic and meiotic divisions [2]. In this work, we 
present an automatic algorithm for the segmentation of centromeres and foci of DNA 
processing proteins, as well as the delineation of convoluted chromosomes. The 
algorithm is fully automatic and does not require tuning of parameters. Statistical 
measurements of numbers, areas distance and lengths are provided by the algorithm. 
The work is preliminary as this algorithm has not been tested on a large database nor 
used to differentiate between populations, however, it is considered that given it is 
fully automatic and fast it should be a useful tool for the analysis of chromosomes. 
1 Introduction 
Chromosomes carry the genetic material and the genes are shuffled in the germline of 
sexually reproducing organisms before being passed on to their offspring in eggs and 
sperm. This occurs during a process known as recombination, which differs in males and 
females [3]. In females, recombination occurs during foetal development and the rates are 
twice as high compared to males. One factor implicated in the sex-specific differences as 
well as the tremendous variation between individuals of the same sex and even within 
individuals is how chromosome structure is set up: the DNA is arranged as chromatin 
loops on an axis, and the chromosome axes are approximately twice as long in females 
compared to males [4]. Measured per physical distance, the population-averaged number 
of recombination events is the same in the two sexes [5]. In addition, the accumulation of 
proteins into cytologically-detectable foci as biomarkers has been used as phenotypic 
measurements in a wide range of biological applications like biomarker for genotoxic 
insult [6]. 
Understanding how chromosome structure and recombination are correlated is 
important, since low recombination rates are associated with increased risk of chromosome 
transmission errors in the egg [7] and decreased reproductive success in women [8]. To 
assess chromosome structure and recombination simultaneously in oocytes, this work 
describes an automatic algorithm for the segmentation of centromeres, foci and delineation 
of chromosomes.  
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It has been recognised that some manual tasks like interpretation of [6] and bands [9], 
can be a technically difficult task even for highly skilled personnel. Even an experienced 
user can struggle to segment foci and delineate the chromosomes manually, besides that it 
is tedious, time consuming and error prone [10]. Automated methodologies for the 
detection of foci have been recently being proposed [6], however they are not integrated 
with the analysis of chromosomes and centromeres. Conventional tracing algorithms [11] 
do not consider the large amount of crossings and overlaps as those presented with 
chromosomes. In this work we describe an automatic algorithm that can combine the 
detection of centromeres and other foci and combine those results with the delineation of 
chromosomes. 
2 Materials and Methods 
2.1  Materials  
Oocytes were lysed in a hypotonic solution and the chromosomes fixed on glass slides 
before being stained with antibodies against proteins that mark recombination events 
(MLH1), the chromosome axis (SYCP3), and centromeres (CREST). The 2D spread 
chromosomes were imaged using a fluorescence microscope. The images were acquired 
with an Olympus fluorescence microscope running Applied Spectral Imaging software and 
100x magnification. 
 
Figure 1: Two representative examples of the data. Chromosomes have been stained to 
appear red, the centromeres appear blue and the foci appear green. Notice the uneven 
intensity and complexity of the chromosomes. Notice also that some centromeres and foci 
do not belong to the chromosomes (middle right in (a), upper left corner of (b)), and also 
some centromeres that are very close to each other, there should be 23 in total in each. 
2.2 Algorithm description 
The first striking characteristic of the images is the convoluted nature of the 
chromosomes (Fig. 1), which is more clearly appreciated in the red channel of the images 
(Fig. 2a,d). Whilst it is of interest to delineate and identify each chromosome separately, 
and then analyse the distribution of foci on them, this was considered as a very 
complicated task. Therefore the algorithm proposed in this work is the following:  
1. The RGB colour channels of the original image were separated (Fig. 2). The red 
channel was further processed in the following way: a foreground that consisted of all 
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pixels>0 was labelled, if more than one region was detected, the largest region, i.e. 
the chromosomes, was retained and all other regions, were considered background.  
 
Figure 2: Data separated into (a, d) Red (b, e) Green and (c, f) Blue channels. The hotspots 
in (a, d) are due to overlapping chromosomes as well as leaks from the frequency bands of 
the centromeres (c, f). Notice the low intensities in some regions as well as proximity of 
between chromosomes (arrows) 
2. All the lines that form the chromosomes in the red channel were traced (Fig. 3). The 
tracing was non-trivial as there were areas of low intensity and close proximity that 
can be artifactually joined. In addition, a simple watershed transform [12] would not 
trace the “tails” of the chromosomes that extend beyond crossing points as these 
would drain into a single basin. Therefore, the background region obtained in step 1 
was subtracted from the red channel, which improved tracing provided by the 
watershed algorithm. Next, low intensity was used to remove the artefactual lines that 
were traced incorrectly (arrows in Fig. 3). Finally, crossing points over the traced 
lines were detected and removed to split them into non-connecting segments (Fig. 3c) 
3. The foci on the green channel and the centromeres on the blue channel were 
segmented, in both cases using Otsu’s algorithm [13] to determine automatically a 
threshold level. For the centromeres, a further step was necessary to verify that there 
were 23 centromeres as these correspond to the number of chromosomes. When the 
number of centromeres was lower, the largest and most elongated regions were split 
halfway [14] assuming that these corresponded to neighbouring centromeres that 
were not correctly segmented (Fig. 4a). 
4. Using the segmented centromeres as starting points, the distance traversed along the 
traces delineated in step 2 was calculated (Fig. 4b). The distance from the foci could 
equally be calculated (Fig. 4c). In parallel, all segments were analysed for the number 
of contacts with foci. Fig 5 shows the quantification with different shades. 
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Figure 3: (a) Delineation of the ridges corresponding to the chromosomes with a watershed 
transform, with a modified input. Notice the lines that have been artifactually joined 
(arrows). (b) Deletion of low intensity regions (arrows). (c) Separation of individual 
segments of the chromosomes by removal of branch points. Colours have been assigned 
for visual discrimination. 
 
Figure 4: (a) Segmentation of centromeres (white) and foci (orange). Notice how 
centromeres that were too close to be segmented by intensity have been split (arrows). (b) 
Distance measured from the centromeres along the chromosome lines, increasing distance 
is denoted by a change in colour. (c) Distance measured from the foci along the 
chromosome lines. Colour bar indicates the distance in pixels from the centromere/foci. 
 
Figure 5: Quantification of number contacts between chromosomes and foci is indicated by 
colours: dark brown = 0 contacts, red = 1, yellow = 2. 
5. Finally, statistical measurements were calculated including the number of foci, 
number of segments, pixels covered by the traces, and average length of segments.  
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3 Results 
Two images of very different characteristics were used to analyse the algorithm, which 
has been illustrated in Figs. 2-5. In the absence of a gold standard, the images were 
visually analysed. The tracing revealed some artefacts, small lines in between two bright 
sections of chromosomes. However, it was estimated that these would have a minor impact 
on the measurements obtained. Statistics for the two images are presented in Table I. Some 
measurements can be indicative of the geometry of the chromosomes, like the number of 
segments, which could vary depending on the preparation of the sample. Some other 
measurements are indicative of the nature of the oocytes, like the number of foci or the 
distance from the centromeres to the foci. As an indication of the computational 
complexity of the algorithm, the average time to process the example images was 0.38 s 
running on Matlab R2013b on a PowerMac 2.5 GHz Intel Core i7 with 8GB RAM. No 
systematic attempt to make the code faster was made. 
Measurement Example A 
Fig. 1a 
Example B 
Fig. 1b 
Number of foci  43 99 
Average area of foci   [pixels] 3.5 3.0 
Average area of centromeres [pixels] 16.5 19.5 
Number of pixels covered by delineated chromosomes 2,329 3,372 
Number of Segments 195 430 
Average length of segment  [pixels] 11.9 7.8 
Average distance from centromere to foci [pixels] 19.4 17.8 
Table 1: Statistical measurements extracted from the representative images.  
4 Conclusion 
An automatic algorithm for the segmentation and delineation of chromosomes, 
centromeres and other foci has been described. The nature of the images is very complex 
and difficult to analyse, even to expert users. Therefore, the measurements provided by this 
algorithm could provide elements to quantitatively analyse the chromosomes. Whilst the 
results presented so far are preliminary, the algorithm can in theory be applied to a variety 
of settings and could be further refined with a larger database. In addition, validation 
against a gold standard will be required. Furthermore, since the algorithm is fully 
automated, it is suitable for implementation in online repositories [15]. This algorithm 
could be of particular interest to analyse experiments of meiotic recombination [16] but its 
potential use extends beyond that.  
It is important to note that the original arrangements of the chromosomes as well as 
consistent settings during image acquisition are very important. If, for instance, one image 
presents numerous crossings, whilst another one has chromosomes that have been disperse, 
those images would generate very different metrics. 
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